7xxx (Al-Zn-Mg-Cu) alloys develop their strength, through the controlled decomposition (ageing) of a supersaturated solid solution to produce a precipitation hardened microstructure. The supersaturated solid solution is normally produced by water quenching from the solution heat treatment temperature. The kinetics of phase transformations occurring during cooling from the solution heat treatment temperature are limited at small undercoolings by the small chemical free energy, and as the undercooling increases, by reduced rates of substitutional solid state diffusion. This gives rise to the characteristic C shape of time-temperature-property (TTP) curves. The TTP curve for 7010 has been evaluated by a interrupted quench method into a salt bath at temperatures ranging from 450 to 210°C. A TTP curve for 7050T76 sheet data has then been used to predict tensile property inhomogeneity in large 7010 forgings with known cooling rates.
INTRODUCTION
The heat treatable Al-Zn-Mg-Cu aluminium alloy 7010 (DTD5636) [1] was developed in the late 1970s for use in strength critical aerospace structural applications by Alcan International Ltd. and HDA Forgings Ltd. under the sponsorship of the UK Ministry of Defence. The alloy was primarily designed as a plate and forging alloy to improve upon the combination of strength, fracture toughness and stress corrosion cracking resistance available in alloys like 7075T651 and 7079T6 [2] . 7010 differs from these alloys in that the combined iron and silicon content is kept below 0.27wt%, and zirconium is used to promote fine grained structures instead of chromium. 7010 is very similar to Alcoa's 7050 and Table 1 details the specification alloy chemistry of 7010, 7050 and 7075. To produce useful strengthening, precipitation hardenable aluminium alloys rely on rapid quenching from the solution heat treatment temperature to suppress the formation of coarse equilibrium second phases. The metastable supersaturated solid solution resulting from rapid quenching can then be subject to a controlled decomposition known as ageing or precipitation.
If transformation is allowed to occur isothermally at temperatures just below the solvus, the low thermodynamic driving force results in low nucleation and growth rates and heterogeneous precipitation of coarse non-strengthening equilibrium second phase will occur slowly. If the degree of undercooling is increased, the nucleation and growth rate increases to a maximum and then decreases as low rates of solid state diffusion again slow the transformation [3] . At large undercoolings precipitation may occur homogeneously with transformation occurring in stages through the formation of Guinier-Preston zones and transition precipitates. Significant strengthening is normally associated with formation of transition precipitates. Plotting the locus of the time to attain some fraction of the property of interest for a set transformation temperature results in a C shaped curve. These time temperature property (TTP) C curves are typical of diffusion-controlled nucleation and growth transformation kinetics.
Practical heat treatments involve continuous cooling and initially average cooling rates through a critical temperature range identified using TTP curves were correlated with mechanical properties and corrosion resistance, and these data were then used to predict properties [4] . TTP curves indicated that the critical temperature range for precipitation for most aluminium alloys was between 400 and 290°C. It was recommended [5] that the cooling rate through this range should exceed 100°C sec -1 for most alloys, although certain chromium containing quench sensitive alloys like 7075 required up to 300°C sec -1 . The average cooling rate approach was less successful at predicting properties if the cooling rates varied significantly during quenching or if long periods of time were spent below the solvus but outside of the critical temperature range. Improved predictions of properties during continuous cooling can be made by utilising quench factor analysis. [6, 7] . Quench factor analysis accounts for all the time spent beneath the solvus during continuous cooling and relies on measured or predicted cooing curve data and the availability of a TTP curve for the alloy in question evaluated in the property of interest. Precipitation kinetics for continuous cooling can be described by the equation
ξ is the fraction untransformed, k 1 is a constant and
t is time, t 0 is the time at the start of the quench, t f is quench finish time and C(T) is the critical time as a function of temperature; the locus of the critical times is the TTP curve. τ is known as the quench factor. The TTP curve can be described [8] by an equation of the form Where; C(T) = critical time required to precipitate a constant amount of solute (s) k 1 = constant which equals the natural logarithm of the fraction untransformed during quenching, i.e., the fraction defined by the TTP curve k 2 = constant related to the reciprocal of the number of nucleation sites (s) k 3 = constant related to the energy required to form a nucleus (J.mol -1 ) k 4 = constant related to the solvus temperature (K) k 5 = constant related to the activation energy for diffusion (J.mol -1 ) R = Gas constant (J.mol -1 .K -1 ).
These constants can be evaluated using procedures found in the literature [9] with the usual procedure being to experimentally establish a TTP curve and then use non-linear regression analysis to determine K 2 -K 5 . TTP curves have been evaluated for alloys like 2024 and 7075 but are not generally available for the less common alloys. It is a long term objective of this work to determine these constants for 7010.
The quench factor is calculated by reference to a cooling curve and a measured or calculated TTP curve. An average temperature T between data points on the cooling curve is calculated and the C(T) value is then calculated or read off the TTP curve. The incremental quench factor q is calculated for this time step ∆t where
This is repeated through the critical temperature range. These incremental quench factors are progressively summed to yield the cumulative quench factor τ. This technique is superior to methods relying on describing the severity of the quench (average cooling rate through the critical temperature range, or the evaluation of Grossman Numbers (H) which describe the efficacy of a quenchant to extract the heat from a surface), because the quench factor accounts for the severity of the quench and the transformation kinetics of the material.
Commercial heat treatment nearly always involves continuous cooling and quenching is normally performed by spraying with cold water, submerging into cold water, or when lower rates of cooling are required because of residual stress constraints, hot water or organic quenchants like polyalkylene glycol (PAG) aqueous solutions. Even when aggressive quenching techniques like cold water spraying are used, some precipitation and vacancy loss during quenching is unavoidable in the core of heavy sections. This results in a diminished ageing response, the degree being dependent on the alloy. This property inhomogeneity is covered by the relevant material standards and Table 2 lists the tensile mechanical properties for 7010 from a proprietary aerospace 7010T7652/51 forging specification. These are the required tensile properties for thicknesses up to 160mm after quenching into water at <40°C. Material standards usually have an upper limit of nominal thickness beyond which tensile properties are not specified. Material supplied in these thicknesses is normally to property levels agreed between the supplier and the customer. There is no reason why quench factor analysis should not be used to predict tensile properties in thick plate and forgings as long as cooling curves and the relevant TTP curve is known. This paper describes preliminary results from an investigation where quench factor analysis is used to predict the properties in thick open die forgings.
EXPERIMENTAL

Material details
Two rectilinear open die forgings were manufactured by HDA Forgings Ltd, Redditch, UK on a 20MN draw down hydraulic press. These forgings are similar to production items which receive extensive machining and ultimately form part of the wing spar assembly in the Airbus A330/A340. The rectilinear forgings had dimensions 562 (L-Longitudinal) x 265 (LT-Long Transverse) x 169 mm (ST-Short Transverse). The blocks had received the following T7652 heat treatment; solution heat treated 6 h at 475°C, quenched into agitated water (<40°C) with the L-ST face (562 x 169mm) entering the water first, cold 2¼±½% compressed on a 120MN hydraulic press (169mm reduced to 165mm), sectioned into slices and then aged 10 h at 120°C + 8 h at 172°C.
The microstructure of the forgings was typical of a forged product with a characteristic 'pancake' partially recrystallised grain morphology. Observation of unetched sections revealed the presence of constituent phases with particle sizes up to 20µm. The major insoluble constituent phase β(AlCuFe), was present as fragmented rounded grey coloured particles strung out into the longitudinal directions. Subsequent heat treatments had no influence on the Al 3 Zr stabilised grain structure when examined by normal optical methods.
Tensile testing.
45 tensile test pieces were machined from aged slices cut from one half of each block after heat treatment. The test piece geometry is indicated in Figure 1 . All test pieces were cut from the LT direction and were located as indicated in Figure 1 . Tensile testing was in accordance with BS4A4 using a standard test piece of 7.98mm nominal diameter (50mm 2 CSA) with a gauge length of 44mm, utilising a 25mm gauge length extensometer. Samples were tested at a strain rate of 3x10 -4 s -1 from just before the the onset of plastic extension up to the 0.2% proof stress (R p0.2 ).
Cooling curve prediction in the 562 x 265 x 169 mm forging
Time transient thermal cooling was predicted for the forging using the ABAQUS finite element code [10] . Material properties for specific heat capacity [11] , thermal conductivity [12] and density [13] were taken from literature. The heat transfer coefficient determines the rate at which heat leaves the surface of the block and therefore acts as the main boundary condition. It was estimated according to the procedure outlined in a previous paper [14] . Verification of the predicted thermal cooling was achieved using different sized regularly shaped blocks of 7010. The current model contained 15886 8-noded quadratic brick heat transfer elements (ABAQUS type DC3D8). The number required for the model was determined through mesh density experiments.
Figure 1. As received forged block, tensile test piece geometry and location of tensile tests.
TTP (C) curve evaluation
The TTP curve for 7010 was determined by heat treating small samples of 7010 cut from the 7010 open die forging. These small samples were used for determining the boundaries of the hardness and conductivity TTP curve, their size resulting in rapid heating and cooling during heat treatment.
Heat treatment and quenching
30(L) x 30(ST) x 15(LT) mm specimens were used for the determination of the TTP curve. These samples were considered small enough to ensure temperature uniformity during isothermal heat treatment. Specimens were solution heat treated for 2 hours at 475±5°C in an air circulating furnace. Ten temperatures were selected for the isothermal heat treatments, ranging between 210°C and 450°C. After solution heat treatment, samples were rapidly transferred to a salt bath. Time of transfer was typically below 5 seconds. The salt bath consisted of a muffle furnace with a mild steel container, which contained approximately 460ml of salt. The salt was a potassium nitrate and sodium nitrite mixture. The salt temperature was constantly monitored and maintained at between ± 5°C of the required temperature for the duration of the isothermal holds. The specimens were manually agitated in the salt at a flow rate of approx. 200mm s -1 . To determine the cooling rates of the samples selected specimens had 1.5mm diameter holes drilled to their centres and a type K thermocouple inserted. The temperature of the sample was then recorded at a frequency of 1Hz for the duration of the cooling runs. The timing of the isothermal heat treatments began when the specimen was within 5°C of the holding temperature. After the specimen has been held at the isothermal temperature for the desired time the specimen was then quenched into room temperature water (<20°C). Samples were then aged for 24 hours at 120°C in an air-circulating oven.
Hardness and conductivity testing
Hardness testing was performed on an Instron Wolpert Testor 930 calibrated with a test block to the requirements of ASTM E92-92. If the hardness samples could not be aged immediately after solution or isothermal heat treatment they were refrigerated at (<-20°C), to delay natural ageing.
Conductivity tests were made on the hardness samples in accordance with ASTM E1004-91 using a portable Verimet M4900C eddy current conductivity meter. This meter was calibrated against 7010 and 5154 standards of known conductivity and measured in units of %IACS (International Annealed Copper Standard).
OBSERVATIONS AND DISCUSSION
Tensile tests.
The results of the 45 LT tensile tests on each block are presented as contour plots in Figure  2 and Figure 3 . For the first block, the difference between the maximum value and the minimum value of 0.2% proof stress (R p0.2 ) was 51MPa. The highest R p0.2 of 496MPa was recorded for the specimen located at the corner of the block. The lowest of 445MPa was measured at the core location. For the second forging, the maximum R p0.2 was 498MPa at the centre of the L-T outer surface. The lowest R p0.2 of 440MPa was also recorded at the core location. The FE predicted cooling curves for four locations are presented in Figure 4 . These locations correspond to the mid gauge length position of test pieces located at the corner of the forging (10mm from the surface), the centre of the L-LT face (10mm from the surface), the centre of the L-ST face (44mm from the surface) and the core of the block (82.5mm from the surface). The corner location would be expected to cool the fastest and the FE model confirms this. The cooling rate at the corner and centre of the L-LT face were very similar through the critical 400-290°C range and this is reflected in the similar mechanical properties for these locations. The mechanical property variations within both forgings were not exactly symmetrical. This can be attributed to local variations in the heat transfer coefficient during quenching (variations in surface finish, agitation) and incomplete removal of chemical inhomogeneity from the casting by the homogenisation and forging operations.
TTP curve
The cooling curves of the small hardness samples when quenched from 475°C into salt at 210, 330 and 450°C are presented in Figure 5 . The time required for the specimens to reach the desired isothermal hold temperature was longer than desirable; between 8 and 25seconds. This was confirmed by the hardness and conductivity values measured after ageing. Figure 6 shows a plot of Vickers hardness of the specimens after quenching into salt at 210, 330 and 450°C and holding for various times. Standard deviation error bars are plotted and exponential curves have been fitted to the data points. When small samples of 7010 are solution treated, quenched (<40°C) and aged for 24 hours at 120°C the Vickers hardness of the material is 200-210HV20 and the conductivity approx. 31%IACS. These were the target values for specimens immediately after reaching the salt temperature with no isothermal hold. For a salt bath temperature of 450°C the initial hardness without an isothermal holding period was 202HV20 with a conductivity of 31.8%IACS. When quenched into salt at 330°C the initial hardness was 192HV20 (32.7%IACS) indicating that some transformation had occurred during cooling. At 210°C the initial hardness was 188HV20 (31.7%IACS) again confirming that nucleation and growth of second phase could not be completely suppressed during cooling in the salt bath. Holding material at the isothermal transformation temperature resulted in a reducing hardness and increasing conductivity. The expected pattern of transformation was observed. Transformation proceeded extremely slowly at 450°C and no detectable transformation had occurred even after 80 minutes (5000 sec). At 330°C transformation was extremely rapid. At 210°C the rate of transformation again declined. Figure 7 shows the TTP (Vickers hardness) curves for 7010 plotted at 90%, 85% and 80% of the maximum property level achievable. The general shape of the curve followed that determined by other authors. The critical temperature range was determined to between approx. 400 and 250°C.
The hardness data in Figure 7 was not used to calculate the constants in Equation 3 because these samples had been aged into a T6 type condition whereas the tensile tests had been aged into the T7652 condition. The quench factor at the four locations in Figure 4 was calculated using the predicted cooling curves and TTP data for 7050T76. 7050 is chemically similar to 7010 and the constants in Equation 3 have been evaluated for this alloy for temperatures between 425 and 150°C and are shown in Table 3 . Table 4 gives the calculated quench factor, measured average R p0.2 properties in both forgings and the predicted yield strength utilising the quench factor. A value of 500MPa was used as the maximum achievable 0.2% proof stress σ max . The predicted 0.2% proof stress yield strength was then calculated using Equation 5 (from [6] Good correlation between predicted properties and measured was obtained using FE predicted cooling curves and the 7050T76 TTP yield strength data quench factor analysis, especially for the larger quench factors where the technique is commercially more useful. When the 0.2% proof stress data for 7010T76 is evaluated, the correlation should improve.
CONCLUSIONS
i) The rate of cooling during immersion of 30 x 30 x 15mm samples into an agitated salt bath is insufficient to prevent some transformation occurring during quenching to the isothermal holding temperature, especially at temperatures where transformation is known to proceed rapidly. ii) Rate of cooling will need to be increased to make sure no transformation occurs during quenching to the isothermal treatment temperature. Thinner samples and increased salt agitation will be evaluated. iii) The TTP (Vickers hardness) curve has been evaluated for the aluminium alloy 7010. The TTP curve indicates that transformation occurs most rapidly between 400 and 250°C. iv) Using constants evaluated for 7050T76 sheet, the variation in 0.2% proof stress in a large 7010 forging was predicted with satisfactory accuracy.
